We investigate the mechanical response of PC12 neurites subjected to a drag force imposed by a laminar flow perpendicular to the neurite axis. The curvature of the catenary shape acquired by an initially straight neurite under the action of the drag force provides information on both elongation and tension of the neurite. This method allows us to measure the rest tension and viscoelastic parameters of PC12 neurites and active behavior of neurites. Measurements of oscillations in the strain rate of neurites at constant flow rate provides insight on the response of molecular motors and additional support for the presence of a negative strain rate sensitivity region in the global mechanical response of PC12 neurite.
Introduction
For decades a variety of experimental methods have provided valuable information to understand cell mechanical behavior at the sub cellular scale. Such techniques include, thin elastic substrates (1, 2) , micro pattern coated substrates (3, 4) , micro needles and micro plates (5) (6) (7) (8) , magnetic (9) and optical(10, 11) tweezers and atomic force microscopy (12) . Given the complexity involved to fully describe the mechanical properties of cells in which three dimensional network of filaments and molecular motors interact in a complex way, increasing effort is being devoted to elucidate the mechanics of quasi-one-dimensional cells. These cells although nearly one dimensional from the geometric and mechanical point of view, have all the components of regular cells, for instance, cytoplasm, actin network, microtubules, intermediate filaments, motor proteins and ion channels.
PC12 neurites show interesting mechanical response under external mechanical load, including viscoelastic elongation and active contraction due to the action of molecular motors and their interaction with microtubules and the actin network. It is important to notice that even in the absence of external forces, due to their active component, neurites are found at a residual tension (6) . As demonstrated in references (5, 6, 8) , it is a good simplifying assumption to model PC12 neurites as linear springs. The simple geometry of these cells facilitates a description of the interaction of cells and its environment. In fact, a neurite can be approximated as a combined mechanical device that includes linear springs, a linear dashpot (5, 6) and a nonlinear device (8) accounting for the active response. To validate such a simplified model, it is necessary to investigate how physiological variables like adenosine-triphosphate (ATP) concentration, type of molecular motors and spatial configuration (randomly oriented vs. muscle fiber type), microtubule arrangement and actin network dynamics affect the main features of these mechanical devices. A recent study suggests (8) that certain neurites combine those parameters in such way that the resulting tension response exhibits a negative strain rate sensitivity. This would explain the abrupt time transition between viscous relaxation and active contraction of neurites observed experimentally. On the other hand, new and sensitive techniques are required to asses dynamical response of biological structures under scope. With this goal in mind, we describe here a fluid mechanic based technique suitable to impose a drag force acting perpendicular to a PC12 neurite axis. Drag force has the advantage of being homogeneously distributed along the neurite. The curvature of the catenary shape acquired by an initially straight neurite under the action of the drag force provides us with valuable information on both elongation and tension along the neurite, allowing to investigate the viscoelastic and active response of neurites. Dynamical response of neurites under sudden changes on drag force is also investigated and relevant information about the initial neurite tension and its main elastic constant is obtained using this procedure. The analysis of the neurite elongation over time provides useful information to estimate the neurite internal tension and the secondary elastic constant. In turn, the examination of spontaneous and nearly periodic contraction-elongation cycles of the neurites observed at constant flow, provides insight on the nonlinear response of molecular motors (8).
Neurite equilibrium under drag forces
Micro needle methods have proved valuable to test the mechanical response of neurites (5, 6, 8) . Specifically, these methods allow us to measure the main elastic constant κ, the secondary elastic constant k, the internal friction γ and the initial tension T o of a neurite as shown in figure 1a . The global response of molecular motors, represented by a gaussian function with a typical force scale given by T a and a typical velocity for non-loaded motors v, have been assessed with this method as well (8) . However, a mechanical test using micro needles becomes less suitable to explore these properties in weak neurites. For weak neurites, the initial tension T o deduced under a mechanical test might become negligible in comparison with the elastic tension. In addition, weak neurites, for instance those previously treated with specific drugs, are much more sensitive to damage at the micro needle contact. Our method consists in applying well controlled distributed forces on neurite by using a laminar flow perpendicular to the neurite longitudinal axis. Thus, a neurite can be represented as a string with fixed ends at x = ±L/2 under the influence of a force field ω that depends on the neurite radius, the velocity of the fluid and the fluid viscosity (figure 1a). The drag force is balanced by the mechanical tension at each point of the neurite which reaches a catenary shape with nearly constant tension (see appendix for details).
On the other hand, as described in reference (8) , neurites under an external force are modeled mechanically as a combination of classical mechanical devices and the response of molecular motors (figure 1b), where its components experience elongation δ κ for the elastic component κ and δ k for the elements k-γ-M . Then, the mechanical equilibrium is described by,
T o is the initial state of tension of the neurite, M = T a e −δl 2 /v 2 molecular motors mechanical response, T a the maximum tension of molecular motors and v their characteristic average speed, δl is the total elongation and T (δl) the tension of the neurite. Describing the elongations δ κ and δ k as a function of δl of the previous set of equations leads to,
which represent the mechanical equilibrium of the neurite under the drag imposed by the laminar flow in terms of its total elongation δl. Below we describe simple experimental procedures that allow the assessment of the main mechanical parameters of neurites included in (4).
Methods

Cells culture and Experimental setup
Nerve growth factor-7S (NGF), Nocodazole (noco), amino-silane, and rat tail collagen were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO), Latrunculin-A (lat-A) was obtained from Molecular Probes Inc. Coverglasses (φ = 20mm) were previously immersed for one hour into a 90% ethanol, 8% H 2 O and 2% aminosilane solution, then rinsed with ethanol and dried at room temperature. Glass cylinders (figure 2a) with dimensions 10mm diameter and 10mm high and 2mm wall thickness were placed over the cover-glasses and exposed to U.V. light for 15 minutes. After that, 200µL solution of 1% diluted collagen and 90% ethanol was added and allowed to dry. The culture of cellular line PC12 was made over five days using GIBCO RPMI 1640 medium with 10% horse serum and 5% fetal calf serum and 50ng/mL of NGF, changing this medium every 2 days. Then, the glass cylinder is removed and the cover glass with the PC12 cells is placed in the flow chamber (figure 2b). For experiments we used normal culture medium, or GIBCO RPMI 1640 medium with 25mM HEPES and L-Glutamine with serum. Flow experiments were performed in a stainless steel chamber with an internal volume 10×5×1(mm) 3 . This chamber is introduced into a second aluminum chamber maintained at constant temperature of 36.8±0.2 • C using a thermal bath (Haake DC1), and monitored by a platinum resistance sensor (Pt100). Observations were made using a Zeiss Axiovert-135 microscope in phase contrast mode. Images were acquired using a Spot-RT CCD camera (Diagnostic Instrument Inc.) and MetaVue 6.1 software, with a final magnification of 0.2µm/pixel. Experiments using altered medium without serum or noco (10µg/mL) (13) or lat-A (0.2µg/mL) (14) , were switched using a three way valve.
Flow velocimetry and drag force calibration
In experiments flow was driven by a syringe controlled by a DC motor at flow rates up to 30µL/s. The flow rate at given flow conditions was measured by adding latex beads, 0.5µm in diameter, into the fluid chamber and by tracking these particles that are at the same plane of the neurite. The obtained flow field did not show variations or periodic fluctuations at the explored range of injected fluxes. Theoretically, the drag force acting on an infinitely long cylinder, oriented perpendicular to the flow, is given by ω = 4πηU/ ln(3.7ν/rU ) (15), where η and ν = η/ρ are the dynamic and kinematic viscosities respectively, ρ is the density of the fluid (culture medium GIBCO at 37 • C, ρ = 1.0745 g/cm 3 , η = 8.9 × 10 −4 Pa·s) and r is the mean radius of the neurite surrounded by a fluid at the velocity U .
To check the applicability of the above formula in our case, we performed independent measurements of the drag force by using a calibrated micro needle (R = 16µm) intended to mimic a typical neurite. In our technique, a calibrated micro needle placed perpendicular to the flow in a plane parallel and close to the cover-slip surface (50µm above the surface), undergoes a load per unit length given by dF/dx = −ω or F (x) = ω(x − L), where ω is the drag force and L the length of the needle (16) . The deflection profile of the needle is given by the differential equation
where E is the Young's modulus of glass and I is the moment of the needle. Solving for the deflection profile y(x) and evaluating the solution at x = L, we obtain the maximum deflection of the needle-tip ∆, and the load per unit of length, ω = (8EI/L 4 )∆. The fluid speed at the same plane of the needle is found using the same procedure described above. Our measurements of ω by means of the needle deflection and our independent measurement of fluid velocity show that ω is given in a good approximation by the drag formula, (figure 2c and d).
Tension and elongation measurements
For a constant value of the drag force ω, tension along the neurite can be inferred from an analysis of its curved shape obtained from experimental snapshots (figure 3), by fitting it to the profile given by equation (11) . In practice, from such fit we measure the curvature at the middle point of the catenary, y x=0 ≈ C, and we then obtain the neurite tension as T = ω/C. To check the validity of our method, curvature is calculated directly from image analysis by extracting the middle line along the neurite (dashed lines on images) and by calculating the derivative of such data (averaged over a distance equal to a neurite radius), (figure 3, middle panel).
In some cases, as the one presented in figure 3 (top panel), the neurite is slightly inclined with respect to the glass plate and neurites appear out of focus near the cell body. As the flow speed increases with distance from the substrate, higher values of curvature are expected in this region. However, as seen in the lower panel of the figure 3, the curvature presents variations only in a region which is very close to the cell body and does not affect significantly our estimate of average curvature.
On the other hand, given the relatively small elongations, the curvature C can be used to link the neurite elongation to the neurite tension. This is done by writing the total neurite length, under the viscous flow, as the line integral of equation (11) minus the initial length, which produces, δl C 2 L 3 /24. Then, the neurite tension as a function of its elongation δl reads,
which closes the mechanical equilibrium equations expressed by (4) .
Results
Experiments performed using the laminar flow technique were set to test and measure each parameter of our model represented by equation (4) . The radii r of neurites under scope are in 0.6−1.0µm range, whereas its lengths L ranges between 100 − 200µm. Only neurites which are nearly perpendicular to the flow axis were used. For a given drag force ω, tension over time at the middle point of the neurite is obtained from a fit of the experimental neurite profile by using T = ω/C. Notice that typical values are T =0.1nN, ω =10nN/m, for the neurite tension and drag force respectively. Introducing these representative values into equation (12) produces cosh(ωL/2T ) ≈ 1, which confirms that tension along the neurite can be considered constant.
Elastic constant and initial neurite tension
The main elastic constant κ and the initial neurite tension T o are measured by increasing the drag force in steps. Each flow value is maintained during 400s and then it is increased by equal steps as shown in figure 4a. The imposed flow velocity ranged between 10 to 100µm/s. The analysis shows sudden elongation events inmediatelly after each flow step whereas neurite tension seems to remain roughly constant, figure 4a. For the data analysis we use the simplified neurite model presented in (5, 8) and sketched in figure 1b. Given the small value of the secondary elastic constant k compared to κ and the presence of a dashpot in paralel with k (reference (5, 8) ), only the main elastic response can compensate the fast increase in neurite elongation. Thus, from equation (1) and considering that most of the elongation during the step correspond to the element κ, we obtain:
In figure 4b, dashed lines represent the tension of neurite given by the flow conditions (right term of equation (6)) as a function of δ κ obtained for each value of ω. At equilibrium all data points are on one of these curves. It can be seen that neurite tension does not vary significantly with δ κ . However, it is possible to obtain an estimate of κ by taking the slope of the total tension as the function of the average δ κ . This is represented by the straight line in inset of figure 4b, where data where averaged in a 10s window after each flow step.
Viscoelastic relaxation
In the workframe provided by our simple mechanical model, after the sudden elastic elongation, the elements k−M −γ must slowly elongate. In order to investigate such slow evolution, observations at larger time scales are performed at constant flow parameters. In figures 5a and 5c, the fast elastic elongation resulting from the sudden flow increase is indeed followed by a slow viscoelastic relaxation which, in some cases, is also followed by a neurite active contraction due to the global response of protein motors (8), figure  5c . Notice that at sufficiently large time scale, the main contribution to the total elongation is the viscoelastic element with elongation δ k . Then, it is possible to follow the dynamics of the elements k−M −γ by assuming δ k ≈ δl − δ 0 κ , as a simplifying assumption of equation (6) . This is,
where δ 0 κ corresponds to the sudden elastic elongation. In both figures, the typical elongation rate is small compared to the typical velocity scale v of nonloaded motors. Then, to obtain a preliminary estimate of the internal friction γ, the response of the molecular motors T a e −δl 2 /v 2 can be approximated to T a , and the equation (7) can be reduced to (see appendix), δl(t) = 3 32
where the external force is balanced only by the internal friction of the neurite and its initial tension, with T = T a − kδ 0 κ . Notice that most of our experimental data shows ratios T /ωL < 0.3.
With the help of equation 8, an approximated value for the neurite internal friction γ is obtained from a fit to the experimental data at early stages of elongation (t < 10s). The value obtained is used for a more elaborate fit of experimental data by integrating numerically equation (7). This is done by using the initial experimental slope as an initial condition, the final tension at the steady state for T a and the starting values of γ and k, from the approximate solution, as trial of the true parameters. As shown in inset of figure 4b, we have measure the dissipation constant taking into account the neurite elongation at each drag step in a 10 seconds span window, obtaining a reasonable value of γ = 4.9 ± 1.3mN·s/m. Values for the parameters γ, k, T a and v are in the range of those obtained in reference (5, 8) . The numerical integration of equation (7) reproduce both viscoelastic elongation and active contraction behaviors after fitting the model to the experimental data. As shown in figure 5a and 5c, the numerical solution are presented with solid lines; in contrast, the approximate solution (equation (16)) for early stages of elongation, are shown in segmented lines, using the values obtained from the numerical fit, are valid for time scales t < 10s, as expected.
Effective viscosity of neurites
On the other hand, as demonstrated in references (8, 17) it is possible to relate the neurite dissipation to the interaction of the molecular motors with the inner bio polymers in the neurite structure. The case of a purely viscous bridge under the effect of gravity, studied by Teichman and Mahadevan (18) allows us to relate the internal viscosity of PC12 neurite to the dissipation constant γ, as we show in the following. In fact, by using equation (16) and the approximated parabolic solution to the catenary shape, it can be easily shown that the maximum hight of the curved neurite is H neurite 6 2/3 /8(ω/γ) 1/3 Lt 1/3 . In turn, the solution obtained by Teichman and Mahadevan for a purely viscous bridge under the action of gravity predicts that H bridge (12w/µAL 2 ) 1/3 L 2 t 1/3 , with A as the cross sectional area of the viscous bridge, L its initial length and w the respective gravitational force per unit of length, that has the same role than the drag force ω. The viscous bridge solution is valid when changes in the cross sectional area of the viscous fluid can be neglected for a time scale given by t c ∼ µh 5 /wL 4 (h initial diameter). Comparing H neurite to H bridge we obtain µ = 512Lγ/3A. Which gives an average value for the neurite viscosity µ within the range of 10 4 − 10 5 Pa·s that is 10 to 100 times larger than the average viscosity of living cells (19, 20) . This difference on the viscosity values could be a consequence of the dissimilarity at the sub cellular organization of the cytoskeleton between cells (randomly oriented) and neurites (axially oriented).
Drug effects on mechanical properties of neurites
In order to show the suitability of the flow method to assess the mechanical features of PC12 due to changes in enviromental conditions, in the following, we show the typical mechanical response of neurites induced by the effect of two well known drugs that can be mixed with the testing fluid. In the first example we explore the effect of the depolymerization of specific subcelular structures, such as the actin network, by using Latrinculin-A. In the second example, we test the effect of Nocodazole, a drug which is known for inducing a depolymerization on the microtubules network. Neurites response for both cases are shown in figures, 5b and 5d respectively.
In figure 5b , after the equilibrium is reached, the tension of neurite is nearly 10pN. The medium containing the lat-A drug is then injected into the fluid without changing the flow conditions; the vertical dashed line in the figure indicates this event. We used a concentration 0.2µg/ml. Above such value, it has been shown in reference (14) that actin depolymerization rate no longer depends on lat-A concentration. An abrupt decrease of tension, accompanying a monotonous increase of neurite elongation is observed immediately after drug injection fig 5b. The elongation rate induced by lat-A drug is about 0.01µm/s, with a neurite tension that almost vanishes after a 1200s.
In figure 5d , noco injection, in a concentration of 10µg/ml (13), occurs at 550s as indicated by the dashed line. Inmediately after, neurites exhibit a continuous elongation. The elongation rate induced by noco is about 0.001µm/s, a value which is significantly smaller than of lat-A case. The rest tension of neurite right after noco injection is about 150pN, decreasing by a factor two (∼90pN) after noco effect.
In terms of the PC12 neurite mechanical representation, Latrinculin-A and Nocodazole act selectively on each mechanical device. Using lat-A, we observed a continuous elongation of the neurite with a monotonous degression of tension. In other words, the elastic components were gradually affected by the depolymerization of the actin network and only the dissipation device seems to remains. Notice that the time scale of force relaxation is consistent with the time for which a complete depolymerization network is expected (13) . On the other hand, using noco, we observed an exponential relaxation to a different state of equilibrium of a smaller but significant tension. Thus, we belive that, the depolymerization of microtubules by noco modifies the internal friction of the neurite, leaving after its effect a tubulin monomer solution surrounded by an intact actin network. Given the high value of the final tension after microtubules depolymerization, this result suggest that both, the elastic and the active response of neurite are mainly due to actin network and molecular motor therein, respectively. Notice that an increase in the neurite rest tension was observed by Dennerll (Reference (21), figure 9 ) after 10 to 15min of noco injection, which indicates the actin network as the main element responsible of the active response of PC 12 cells. However, a detailed understanding of drug effect on PC12 neurites deserved more experimental effort, especially to investigate the active response after a complete depolymerization of the actin network and/or microtubules.
Discussion
The response of PC12 neurites shows viscoelastic relaxation and active contraction (figure 5) as previously reported in reference (8) . This whole behavior has been captured by modeling the global action of molecular motors by an effective gaussian response of maximum force T a and a typical velocity v at which molecular motor becomes ineffective. This model implies that, for specific combinations of the model parameters, there exists a region of negative sensitivity in the tension-strain rate curve. As a consequence neurite might exhibit relaxation oscillations characteristic of non-linear systems. As demonstrates in figure 6 , such oscillations take place in normal conditions of cell medium at constant flow rate. However, the applied drag force, for this particular case, is comparable to the maximum high of the global molecular motors response, T a .
In order to study the general features of the relaxation oscillations shown in figure 6 , equation (7) is now written in terms of the variables tension and elongation rate only, which defines the characteristic response curve of a neurite, this is, figure   7a , a fixed point or attractor, which represents a stable mechanical state at null rate of elongation and tension T a . The existence of inflection points in the curve is given by the relation Γ =δ
whose maximum value is Γ c = 1/ √ 2e ≈ 0.4289 (figure 7b). Thus, when Γ < Γ c there exist two point at which ∂T ∂δl = 0. When Γ Γ c , the response curve is monotonous indicating that only monotonous relaxation can take place (figure 5a). However, trajectories of viscoelastic relaxation followed by active contraction occur for values Γ < Γ c ( figure 7b and 5c ). Both situations are depicted in figure 7c , when the initial tension T is larger than T a , for a set of values of the parameters γ, T a and v, a neurite will show either pure viscoelastic relaxation or an active response with trajectories attracted to the stable pointδl = 0 at the T -δl plane.
In this framework the experimental neurite oscillations presented in figure 6 are schematized in 7d and would correspond to a case for which, the linear stable point atδl = 0 becomes sensitive enough to experimental fluctuations to sustain consecutive relaxation cycles. Similar spontaneous oscillatory contraction has been reported in actin filaments (22) and shape oscillations of fibroblast as a result of loss of cell-substrate adhesion with a time scale of the order of fifty seconds (23) . Oscillatory behavior of collective molecular motors has been also modeled in reference (24) .
In conclusion, the drag force method we have described is a suitable tool to measure small forces on neurites which have been treated for instance with a low concentration of serum to reduce the activity of molecular motors, addition of drugs to disrupt actin network and/or microtubules, or knockout specific molecular motors, all variables that play a fundamental role such as intra celullar transport, cell shape and motility. Or in an opposite direction, to test simplified biological models. For instance, nanometric tubular structures, fabricated (by pulling) from giant unilamellar vesicles (25) , and exploring its response as a function of a controllated composition of sub cellular structures into the vesicle to create more complex tubular membranes (26) .
The catenary given by equation (11) can be approximated by a parabolic function if ds ≈ dx, i.e., if ωL/2T
1. Notice that if dy/dx 1 then dT /dx ≈ 0 and T d 2 y/dx 2 ≈ ω, then equation (11) 
Inertial effects
In order to obtain some insight about the time scales involved, let us consider how the neurite relaxes its shape to a catenary when subjected to changes on the drag force. The dynamic equation, in the limit dx ≈ ds, can be written as ρ l , we obtain a time scale given by τ ∼ ρ l U/ω. Taking the density of cells as ρ = 1g/cm 3 , the average radius of a neurite as r = 1µm, the velocity of the fluid near to the wall as U ∼ 100µm/s and the viscous drag associated with the flow as ω = 0.1µN/m, we obtain τ ∼ 1µs. Thus, any transient due to neurite inertia can be neglected for time scales larger than τ .
Neurites radii effects
In general, local variations in curvature should be a result of changes either in flow velocity or neurite diameter. Particle tracking shows that relative fluctuations in fluid speed were below 10%, affecting globally the curvature value (C = ω(U )/T ). On the other hand, variations in the neurite radius are local, so we can model these by introducing the inhomogeneity into the calculation of the drag force at constant fluid velocity U , writing r = r o + δr, the drag force per unit of length, ω = 4πηU/ ln(3.7ν/rU ), so that the relative variation of drag is, δω/ω o ≈ (ω o /ω a )(δr/r o ), where ω o = 4πηU/ ln(3.7ν/r o U ) and ω a = 4πηU . Using our experimental values and taking into account that PC12 neurites show radius variations less than 10% (figure 3), the relative variations of drag force are below 1%, consequently, this method ensures a constant force field applied over the sample when neurites are correctly aligned.
Viscoelastic approximation
In the case of slow elongation velocity, to measure the internal friction γ, the response of the molecular motors T a e −δl 2 /v 2 can be approximated to T a , and the equation (7) can be written as,
with T = T a − kδ 0 κ , u = (δl/L) 3/2 and τ = 2γ/3k. Equation (13) has no analytical solution, however it is possible to obtain three approximated solution from the comparison of the initial neurite tension and the applied external force over the neurite curvature, T and ω/C (or, 3T u 1/3 /2γL and (3/32) 1/2 ω/γ).
The first case, T ω/C, lead to a contraction of the neurite given by the global molecular motor activity, where the solution is given by δl(t) = (kδ 0 κ −T a )(1−e −kt/γ )/k, with a final state of the neurite elongation δ 0 κ −T a /k. A second case is found when T ∼ ω/C, i. e., the tension imposed by the flow compares to the force that molecular motors are able to exert, i.e. 3T u 1/3 /2γL − (3/32) 1/2 ω/γ ∼ 0, with a solution, δl(t) = 3 32
LΘω γ 2/3
with Θ −1 = τ −1 + T /2Lγ, as the new time scale for the relaxation process, which in the case of early stages of viscous relaxation, kδl ∼ 0 and t < Θ, states that the external force is balanced only by the internal friction of the neurite and its initial tension, δl(t) = 3 32
notice that most of our experimental data shows ratios T /ωL 0.3. The last case is obtained when the applied force is larger than the global molecular motors tension T ω/C, i.e., the elongation rate is larger than the typical scale velocity, and the molecular motor activity can be ignored.
This limit is contained in equation (14) at T → 0, then, the solution becomes, δl(t) = 2 −1 · 3 −1/3 (ω/k) 2/3 (1 − e −3kt/2γ ) 2/3 L, and for early states of elongation t < τ .
δl(t) = 3 32
Time scale for relaxation oscillations
In order to obtain the time scale τ relax for relaxation cycles in figure 6 , we crudely approximate the molecular motor response by a triangular function of amplitude T a and width 2v, then equation (7) at the positive rate of elongations region becomes, kδl + γδl
Since τ relax depends on ω 2 , τ relax increases a factor four when ω is doubled. This is compatible with experimental results presented in figure 6b. 
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